ABSTRACT
Results and Discussion

Acidification (A-Stage)
The removal of iron from pulp is important to effectively increase the brightness of pulp. The brightness of unbleached wheat straw AQ-soda pulp was measured to be 38.8% ISO. However, when pulp at 10% consistency was treated with acid at room temperature for 30 minutes, a slight increase in brightness was observed at variable acid doses (Fig. 1) . As the minor difference exists in brightness values at different doses, the lowest dose of acid (0.5%) with 38.9% ISO brightness was chosen for further treatment. Acidic treatment of pulp under same conditions but with 0.5% acid dose for varying time intervals resulted in the lowest brightness value at 10 minutes i.e. 39.6% ISO while the highest value was found at 45 minutes i.e. 40.6% ISO. When pulp was treated with acid under the same conditions for 10 minutes at variable temperatures, the highest value 44.3% ISO was measured at 45 o C and the lowest value 43% ISO was found at room temperature. At 35 o C and 65 o C, same brightness value was recorded i.e.
43.7% ISO and 55 o C treatment temperature resulted in 43.3% ISO brightness that reflected that treatment at different temperatures have no major effect on brightness of pulp.
When pulp at variable consistency was treated under the other optimized conditions, it was evident that brightness gain was 44.1% ISO at 5% pulp consistency which did not deviate while increasing the pulp consistency up to 10%. Similarly, 43.7% ISO brightness value was observed at both 12% and 15% pulp consistency (Fig. 1) .
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The effect of acidification at optimized conditions on iron content (ppm) was evaluated by measuring acid insoluble iron (ppm) which was found to decrease from 266ppm for unbleached pulp to 204ppm for acidified pulp (Fig. 2) . Acid-insoluble iron is considered that portion of iron present which is potentially chemically reactive, and its presence in the pulp may interferes with successive bleaching chemicals [28] . These results indicate that acidic treatment of pulp was helpful to decrease the iron content from unbleached pulp and to increase the brightness.
Oxygen Delignification (O-Stage)
Brightness is a commonly referred industry term for the numerical value of the reflectance factor of a handsheet sample with respect to the blue light of specific spectral and geometric characteristics [17] . And as brightness increase is related to removal of residual lignin level so to decrease the maximum lignin content from pulp, oxygen delignification stage was incorporated in bleaching sequence. Oxygen delignification resulted in increased brightness of hand sheet (52.3% ISO) and reduced kappa number (3.4) of pulp. The comparison between Ub (Unbleached pulp), A and AO stages shows the difference in brightness values (Fig. 3) . The results of AQ-soda pulp samples treated at three different consecutive stages Ub, A and AO were statistically evaluated and correlation co-efficient (R 2 ) was found to be 0.9992. This high value of R 2 confirms that a very strong correlation exists between kappa number and brightness of the pulp. The results were further evaluated by measuring acid insoluble lignin which was found to decrease from A-stage to O-stage from 2.7% to 1.66% respectively. It shows that with the increase in brightness, kappa number decreases which indicates that oxygen treatment is effective to reduce lignin content. These results are also supported by the work of Hedjazi et al [29] who found that oxygen treatment is the most suitable and effective approach to initiate the bleaching process for reducing the cost of bleaching chemicals in the subsequent stages by reducing lignin content.
Enzymatic Treatment (X-Stage)
When oxygen delignified pulp at 4% consistency was treated with variable enzyme doses for 45 minutes at 55 o C, maximum brightness was achieved at 200g/t i.e. 53.8%
ISO and the lowest value (52.7% ISO) was noted at 50g/t of enzymatic dose. Similar results were found at 100g/t and 200g/t of enzyme dose i.e. 53.3% ISO brightness ( Increasing trend in brightness was observed with the increase in alkali doses (Fig. 5) .
The lowest brightness value (60.7% ISO) was obtained at 0.5% alkali dose that was found to be increased (67.1% ISO) at 1.5% alkali dose. At 2.5% alkali dose, the brightness was recorded at 67.4% ISO. The highest brightness (67.5% ISO) was obtained at 3.5% alkali dose. It is noteworthy that at 2.5% and 3.5% alkali doses, slight difference in brightness value exists. Therefore, lowest dose (2.5%) was selected for further experimentation. In optimizing the pulp consistency, the pulp was bleached by using 2.5% alkali dose while all the other experimental conditions remained the same with varying pulp consistency. The highest brightness value 67.8% ISO was observed at 10% pulp consistency that was selected for further treatment (Fig. 5) .
Results of peroxide dose optimization trails (Fig. 5) showed that with increasing the doses of peroxide, brightness increases. Maximum brightness was achieved at 10% dose i.e. 74.3% ISO and the lowest was achieved at 3% dose i.e. 67% ISO. 7% peroxide dose resulted in 71.5% ISO brightness while 5% dose resulted in 69.3% ISO brightness. As there is a not a significant difference by increasing the dose from 5% to 7%, therefore, 5 % hydrogen peroxide charge was selected for further experiments. Results of experimental trials for the optimization of treatment time at 5% peroxide dose revealed (Fig. 5 ) that with increase in reaction time, brightness value increased. It is obvious from these results that very little difference exists in brightness value at variable treatment time. So keeping in view the fact that longer treatment time at mill requires consumption of energy and increase in surrounding temperature, treatment for 120 minutes was selected to be used further for bleaching that resulted in 71.9% ISO brightness being more effective in terms of cost and time.
In optimizing the treatment temperature for effective bleaching, the pulp was bleached at variable temperature for 120 minutes. It is interesting to note that (Fig. 5) brightness was found to be increased with increasing temperature. But keeping in view the bleaching section of pulp and paper industry where the temperature is already very high, the best option for further experiments was observed to be 60 o C that showed 69.2% ISO brightness. Reaction conditions for the purpose of bleaching also involved optimization of EDTA dose. The highest brightness i.e. 70.6% ISO was achieved at 5% dose and the lowest value was found at 1% dose i.e. 68.8% ISO. At 2%, 3% and 4% doses, brightness values were found to be 70.2%, 70.5% and 70.4% ISO respectively. As not a significant increase was observed by increasing the EDTA dose from 2% to 5%. Therefore, 2% EDTA was considered as an optimum dose for further experimentation (Fig. 5) .
To further increase the brightness, a second peroxide stage was incorporated and peroxide doses were also optimized by varying its doses i.e. 3%, 5% and 7% on o.d. pulp basis. Almost, the similar trend was observed in context of the increase in brightness.
However the highest value 74.6% ISO was found at 7% dose and the lowest value 73% ISO was observed at 3% dose while at 5% peroxide dose, brightness was found to be 74% ISO. As the slight different exists among the brightness value so least peroxide dose 3% was found to be suitable for further experimentation. The purpose of various bleaching trials was to optimize the reaction conditions to develop an accurate and reproducible bleaching sequence of industrial significance. The resultant optimal conditions for AOXP1P2 bleaching trail are presented in table 2.
The hand sheets made from above mentioned treated pulp samples were also studied for physical properties and variable results were found. Fig 6 shows that the highest tensile index 43.38 Nm/g was found at AOP1P2 sequence whereas the lowest tensile index 37.14 Nm/g at AOXEP1P2 bleaching sequence. Whereas the maximum value of tear index was achieved at AOXEP1P2 sequence i.e. 5.32 mNm 2 /g and the lowest value 4.57 mNm 2 /g at AOP1P2 bleaching sequence. Similarly, variable results were found for burst index. The highest value 2.08 Kpam 2 /g was observed at AOP1P2 sequence whereas the lowest value at AOXEP1P2 sequence i.e. 1.58 Kpam 2 /g. The highest yield of pulp 92.4 % was achieved at AOXEP1P2 bleaching sequence whereas the lowest 85.0 % at AOP1P2. This is indicative of the fact that incorporating an alkaline extraction stage is beneficial and helped to improve brightness, tear index and yield of the final bleached pulp.
The effectiveness of hydrogen peroxide is limited by the fact that the radicals generated during the peroxide decomposition are responsible for the degradation of cellulose.
Alpha cellulose was found to be preserved in optimized peroxide treated pulp
[AOXEP1P2] which demonstrates that the application of enzyme and use of chelating agent (EDTA) during peroxide bleaching found to be helpful to prevent the degradation of cellulose fibers (Fig 7) .
Pulp at optimized bleaching stages was also tested for acid insoluble lignin. It was found that acid insoluble lignin reduced from 2.7 % of unbleached pulp to 0.98 % of optimized peroxide bleached pulp that confirms that application of enzyme was also effective to remove the lignin contents and ultimately help to boost brightness values.
Study of effluent load
The present study advocates the application of enzyme along with eco-friendly chemicals like oxygen and hydrogen peroxide to bleach the pulp as an effective alternative approach to hypochlorite bleaching. Incorporation of enzymatic stage increases the brightness as well as reduces the consumption of other chemical during the successive bleaching stages with increased pulp yield. The use of enzyme and total chlorine free chemicals for bleaching helped to reduce the overall TDS and BOD load on to the effluent treatment plant and completely avoided toxic chlorinated discharges. 
Conclusion
The present study presents the application of enzyme and the use of chlorine free chemicals i.e., oxygen and hydrogen peroxide to delignify and bleach the pulp. An ecofriendly bleaching sequence [AOXEP1P2] was developed for AQ-soda wheat straw pulp. 
